Our work focuses on the study of the electronic structure of undoped and K-doped ZnO using density functional theory as implemented in the Wien2k package. Generalized gradient approximation and GGA plus Tran-Blahamodified Becke-Johnson (TB-mBJ) were used to calculate the exchange-correlation energy. From the electronic properties, ZnO has a direct band gap in (Γ − Γ ) direction with a value of 0.76 eV within GGA and 2.63 eV within GGA + TB-mBJ. For the K-doped ZnO (12.5%) the gap was found to be 1.15 eV within GGA and 3.28 eV within GGA + TB-mBJ, we have observed that an emersion of a new narrow band exists in the valence band which is mainly caused by K 3p states with a little Zn 4s and Zn 3d effect.
Introduction
ZnO is a II-VI binary compound semiconductor with a wide direct band gap of 3.37 eV at room temperature and a large exciton binding energy of 60 meV that makes ZnO a promising material for possible applications such as optoelectronic devices, high efficiency lasers operable at room temperature and light emitting diodes [1] [2] [3] [4] . However, the development of such optoelectronic devices has been greatly impeded by the fact that p-n homojunction of ZnO is extremely difficult to fabricate, because pure ZnO with a wurtzite structure occurs naturally as n-type semiconductors, and the realization of p-type ZnO is rather difficult. Group I elements (Li, Ag, Na, K) substituting for Zn are one main class of candidate for p-type doping [5] [6] [7] [8] . Park et al. [7] found that substitutional group-I elements are shallow acceptors. In the absence of compensation by intrinsic defects, the most likely reason for doping difficulty is the formation of interstitials for group-I elements. Ping et al. have found that p-type ZnO can be realized through codoping by N and B [9] . The realization of p-type Ag-doped ZnO thin films has been reported [10, 11] . In other previous studies [12] [13] [14] , growth of p-type ZnO doped with Na was achieved using pulsed laser deposition method. Electroluminescence emission from ZnO based light emitting diodes with Na doping as the p-type layer was observed. The results showed that Na can behave as a good acceptor in ZnO and can provide even higher hole concentration. P-doped p-type ZnO thin films were successfully fabricated * corresponding author; e-mail: mhbousmaha@gmail.com by Su et al. [15] . Doping ZnO with Al also gives p-type thin films deposited on n-Si substrate [16] . For the K-doped ZnO, Huang et al. [17] showed a conversion of conductivity from n-type to p-type when the K content reaches 6%.
Motivated by these theoretical and experimental reports on the p-type ZnO doped with group-I elements, we have studied the electronic properties of pure and K-doped ZnO using first-principles calculations based on density functional theory (DFT) to describe the possible achieving p-type ZnO by K doping.
Computational method
We have performed the ab initio calculations using the full potential linearized augmented plane wave (FPLAPW) method within the DFT, as implemented in the WIEN2k program package [18] . The exchange and correlation effects were treated within the generalized gradient approximation (GGA) [19] and generalized gradient approximation plus Tran-Blaha modified BeckeJohnson (TB-mBJ) [20] . The mBJ approximation was used to calculate electronic properties, exactly the band gap that can be found in better agreement with the experimental band gap. In our calculations, we expanded the basis functions up to R MT K max = 8, where R MT is the smallest of all atomic sphere radii and K max is the plane wave cut-off. The self-consistent calculation was considered to be stable when the total energy convergence is less than 10 −5 Ry. The electronic structure studies on K-doped ZnO are based on the Zn 1−x K x O (x = 0.125) using a 2 × 2 × 1 supercell of ZnO which was performed by substituting one Zn atom with one K atom (Fig. 1) . According to Ref. [21] , the wurtzite ZnO has a hexagonal crystal (space group P 63mc, a = b = 3.25 Å, c = 5.21 Å, and α = β = 90
• , γ = 120 • ). 
Results and discussion

Undoped ZnO
The electronic band structure of pure ZnO is shown in Fig. 2 , where the Fermi level has been specified to be 0 eV [22] . The direct band gap by GGA is 0.76 eV at a highly symmetric point (sigma Γ ), which is in good agreement with other theoretical calculations [23] [24] [25] , but lower than the experiment value of 3.37 eV due to the limitation of DFT in GGA, and the discontinuity in the exchange-correlation potential is not taken into account in the framework of DFT [26] . However, the band gap obtained by GGA + TB-mBJ approximation is 2.63 eV, which is close to the experimental value and in good agreement with the theoretical value of 2.6 eV found by Abbassi et al. [27] . 
The total density of states (TDOS) of undoped ZnO and the partial density of states (PDOS) of O and
Zn atoms are shown in Fig. 3 , where the valence band is represented by VB, and the conduction band is denoted by CB. The Fermi level indicated by a dashed line is set as zero which is the highest occupied state. It can be seen that the lower valence band from mainly Zn 3d changes gently because the 3d states of Zn are full of electrons and the Fermi level of the unit cell of pure ZnO is at the top of the valence band. The valence band maximum and the conduction band minimum are mainly dominated by O 2p and Zn 4s states, respectively, which is also proved by experimental results [28, 29] . We can see also that the valence band mainly consists of a mixture of the 3d states of Zn and the 2p, 2s states of O. The upper valence band is mainly composed of O 2p states between -5.32 and 0.16 eV by GGA and between -5.57 and 0.16 eV by GGA + TB-mBJ with a small contribution from Zn 3d states, while the O 2s states become visible in the range from -16.86 to -15.91 eV and from -19.34 to -18.33 eV (respectively within GGA and GGA + TB-mBJ), which corresponds to the two bands in Fig. 2 . The conduction band of undoped ZnO is mainly composed of O 2p and Zn 2s states. The results above are in good agreement with other reports [30, 31] .
P -type K-doped ZnO
The electronic band structure of K-doped ZnO along the symmetry points in the first Brillouin zone was represented in Fig. 4 . The calculated direct band gap by GGA is 1.15 eV and 3.28 eV with GGA + TB-mBJ approximation. In comparison with pure ZnO, the value of band gap of K doped ZnO becomes larger than the first one. New bands appeared in the valence band exactly in the region between -9.75 eV and -9.23 eV with GGA and between -10.14 eV and -9.65 eV with GGA + TB-mBJ potential which causes a deviation of the Fermi level into the valence band, so from this reason we can say that the K doped ZnO has a p-type character. The curvature becomes more flat indicating an increase of the effective mass of holes in the valence band. Potassium can be considered as a good acceptor in ZnO, and can offer even higher hole concentration. Fig. 3 , it is apparent that the introduction of K atom changes the structures by a considerable amount. We can see that a new narrow band exists at -9.5 eV and -9.92 eV (respectively with GGA and GGA + TB-mBJ) with weak contribution with other bands, which is mainly caused by K 3p states with a little Zn 4s and Zn 3d effect which shows that K 3p, Zn 4s, and Zn 3d have coupling effect. This phenomenon can be explained by the appearance of more electrons in the valence band moving toward the higher energy region. Furthermore, the Fermi-level of K-doped ZnO shifts downward into the valence band as shown in Fig. 6 . This shift originates mainly from K 3p states with a little contribution from Zn 3p, Zn 3d, and O 2p states. These results indicate that p-type ZnO can be achieved by K doping. 
Conclusion
In summary, electronic properties of pure and Kdoped ZnO were studied using first principles calculations within GGA and GGA + TB-mBJ approximation. Both electronic band structures and density of states showed an appearance of a new narrow band in the valence band and the Fermi level shifts towards the valence band which indicates that p-type ZnO can be achieved by K doping. All these characteristics made K-doped ZnO useful semiconductor for optoelectronic devices application.
